Background Accidental injury to the common bile duct is a rare but serious complication of laparoscopic cholecystectomy. Accurate visualization of the biliary ducts may prevent injury or allow its early detection. Conventional X-ray cholangiography is often used and can mitigate the severity of injury when correctly interpreted. However, it may be useful to have an imaging method that could provide real-time extrahepatic bile duct visualization without changing the field of view from the laparoscope. The purpose of the present study was to test a new near-infrared (NIR) fluorescent agent that is rapidly excreted via the biliary route in preclinical models to evaluate intraoperative real-time near infrared fluorescent cholangiography (NIRFC). Methods To investigate probe function and excretion, a lipophilic near-infrared fluorescent agent with hepatobiliary excretion was injected intravenously into one group of C57/BL6 control mice and four groups of C57/BL6 mice under the following experimentally induced conditions: (1) chronic biliary obstruction, (2) acute biliary obstruction (3) bile duct perforation, and (4) choledocholithiasis, respectively. The biliary system was imaged intravitally for 1 h with near-infrared fluorescence (NIRF) with an intraoperative small animal imaging system (excitation 649 nm, emission 675 nm).
Introduction
Laparoscopic cholecystectomy (LC) is one of the most frequently performed surgical procedures and typically has a relatively low complication rate (0.15%) [1, 2] . However, accidental bile duct injuries are of concern as they can have dire consequences for the patient when they occur [3] . Mild injuries, including cystic duct leakage and bile duct strictures are usually treated endoscopically and/or interventionally, whereas major injuries with leakage or complete transection of common bile duct (CBD) often require open surgery such as hepaticojejunostomy [4, 5] .
Video laparoscopic cholecystectomy uses high-definition cameras to give a panoramic intra-abdominal field of view. However, even with this technology, inflammation, adhesions, or surrounding fat sometimes impede visualization of the biliary ducts [6] . Studies suggest that a majority of iatrogenic biliary injuries are secondary to misidentification of the biliary anatomy and that 60-90% of injuries are only identified postoperatively [7] [8] [9] [10] . If the biliary system is perforated, repair is difficult, requires the expertise only available in specialized centers, and can occasionally cause life-threatening situations [11] . In addition, these injuries and their repairs can have profound long-term consequences. There have been reports of up to 4% postoperative mortality and a greater than 40% complication rate from biliary repair of bile duct injuries sustained during laparoscopic cholecystectomy with a high rate of long-term sequelae including infections, cholangitis, and anastomosis leaks [12, 13] .
X-ray intraoperative cholangiography (IOCG) has long been used for hepatobiliary surgeries [14] and is considered a safe procedure. However, there has been discussion regarding routine IOCG in laparoscopic cholecystectomy with regard to procedure logistics, intralaparoscopic catheterization of the gallbladder or the cystic duct, time considerations, and immediate interpretation [15, 16] . Depending on the needs of the surgeon and available resources, in some cases it may be prudent to have a less invasive technique that allows for straightforward intraoperative identification of the extrabiliary structures. Such methods could facilitate isolation of the cystic duct, identify common biliary duct strictures, and prevent complications, and they could potentially be used as an alternative or a complement to X-ray cholangiography.
Fluorescent IOCG has been tested both experimentally [17, 18] and clinically [19] [20] [21] to evaluate its use as a preventive and diagnostic technique. While these studies introduced the necessary optical instrumentation, an improvement in fluorescent signal-to-noise ratio (SNR) and a decrease of background signal would further enhance this real-time procedure and directly impact the target identification. Imaging in the far red and near-infrared spectrum would satisfy these requirements as light in this range can penetrate tissues as deep as the thickness of the human bile duct wall [22, 23] . Thus, this method could facilitate intraoperative visualization of the extrahepatic biliary anatomy prior to dissection. The choice of specific wavelength is primarily governed by quantum yield, autofluorescence, and SNR considerations of a given fluorochrome. Most such agents have been developed for the 650-800 nm excitation range.
We have previously reported on the use of a NIR calcium-binding fluorescent probe for intraoperative detection of nephrolithiasis [24] . In that study, the renal excretion of a fluorescent probe was critical in visualizing small intrapelvic stones. In analogy, the development of intravenously administered near-infrared fluorescent (NIRF) agents with hepatobiliary excretion rather than renal excretion could aid laparoscopic hepatobiliary surgery. The purpose of the present study was to use a new NIRF agent that is rapidly excreted via the biliary route in preclinical models to evaluate intraoperative real-time near infrared fluorescent cholangiography (NIRFC).
Materials and methods

Animal models
All experiments were approved by the Institutional Review Board and performed in adult C57/BL6 female mice (25-30 g; n = 16), obtained from Charles River Laboratories, Inc. (Wilmington, MA). Animals were physiologically monitored with pulse oximetry and body temperature during and after all procedures. Mice were anesthetized with a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg), which were injected intraperitoneally. In order to best simulate true intraoperative conditions, a transversal laparotomy was performed to fully expose the peritoneal cavity for in vivo imaging of the biliary system.
To investigate the fluorescent signal inside the biliary ducts over time, target-to-background ratios (TBR) were determined in five groups of mice: four surgically induced models of (1) chronic biliary obstruction, (2) acute biliary obstruction, (3) acute biliary perforation, and (4) choledocholithiasis model; and one control group.
Control (n = 4)
Mice underwent laparotomy without manipulation of the biliary system. Each mouse was then injected intravenously with 10 nmol of fluorescent agent and the biliary system was imaged at 5-min intervals for 1 h. One mouse was additionally imaged at 1 min and 3 min post-injection to explore probe signal in the vasculature.
Chronic biliary obstruction model (n = 3)
The common bile duct was partially occluded using a 10-0 Prolene suture and then both the peritoneal cavity and skin were closed with Ethicon Prolene 6-0 sutures (Johnson & Johnson, Brussels, Belgium). The animals were allowed to recover for 2 weeks, after which they underwent a second laparotomy for imaging.
Acute biliary obstruction model (n = 3)
The common bile duct was completely occluded using 10-0 Ethicon Prolene suture (Johnson & Johnson, Brussels, Belgium). The fluorescent contrast agent was injected 1 min after injury to imitate an intraoperative scenario of suspected accidental duct ligation. The mice were then World J Surg (2010) 34:336-343 337 imaged at 5-min intervals for a period of 30 min while the duct was obstructed. The occluding suture was subsequently released, and mice were imaged again to investigate the resumption of biliary drainage through the common bile duct and into the duodenum.
Acute biliary perforation model (n = 3)
After laparotomy, 10 nmol of the fluorescent probe was injected. Imaging began 5 min after injection to establish that the imaging agent was within the biliary system. After 5 min, the mouse was removed from the imaging platform, after which microsurgical scissors were used under microscope guidance to perforate the common bile duct just distal to its origin. The mouse was immediately placed back into the imaging apparatus for 30 min to allow visualization of the leak of bile from the damaged common bile duct. The perforation was carried out following probe injection for both anatomical comparison and for simulation of a routine presurgical probe injection (done to aid perforation detection).
Choledocholithiasis model (n = 3)
The abdominal cavity was opened and a small incision was made in the gallbladder fundus. Two white zirconia silica beads with 100 lm diameter (Biospec Products, Bartlesville, OK) were placed through the incision into the gallbladder fundus. The incision was closed using Prolene 10-0 and the beads were observed as they traveled into the common bile duct. The animal was then injected with 10 nmol of the NIR probe and imaged. Subsequent white light images were acquired with a digital camera. White beads were selected so that they could be easily located under white light imaging and compared to the nearinfrared channel.
Imaging agent
We used VM674 (VisEn Medical, Bedford, MA), a nearinfrared lipophilic fluorochrome probe exhibiting rapid biliary excretion following intravenous administration. The fluorophore is a small molecule in the indocyanine class with a molecular weight of * 900 g/mol and an absorption maximum of 675 nm in MeOH. In aqueous media, the excitation maximum is at 672 nm and the emission maximum is at 692 nm. The extinction coefficient is 180,000/ M/cm (mono TEA salt in MeOH). Prior to use, the agent was diluted in 100 ll of phosphate buffered saline (PBS). The probe was injected intravenously via tail vein at a dose of 10 nmol/mouse.
Imaging and data analysis
All fluorescent imaging studies were performed with an OV-110 Small Animal Imaging System (Olympus, Center Valley, PA), a hybrid of a planar reflectance fluorescence imaging system and a high-power microscope. The mice were imaged using brightfield and near-infrared fluorescence (excitation 649 nm, emission 675 nm) with up to 89 magnification. Animals were placed on a temperaturecontrolled platform and intraoperative images of liver, gallbladder, bile ducts, and duodenum were serially acquired. Image acquisition time was 100 ms per frame. White light images were acquired with a handheld digital camera (Olympus FE-280, Center Valley, PA). Images were analyzed using circular regions of interest of 0.3 mm diameter. Mean signal intensity and its standard deviation was quantified using Osirix software (Geneva, Switzerland) on a Macintosh computer. Merging of white light and fluorescent images was accomplished with a bestfit fusion implemented on Osirix software. The target-tobackground ratio (TBR) was calculated as follows: TBR = (Target-Noise)/(Background-Noise), where the background is normal adjacent liver tissue and the target is the region of interest, i.e., the common bile duct. Noise was recorded in a region outside the mouse. All statistical analyses were performed with Prism software (Graphpad Software, San Diego, CA). Mean values were compared using unpaired Student's t-test and with analysis of variance (ANOVA) correction for multiple comparisons. A factor of P \ 0.05 was considered statistically significant. Data are presented as mean ± SD.
Results
Following intravenous administration of VM674, the biliary system became readily visible (Figs. 1, 2) . Negligible background fluorescent signal was observed in the near infrared prior to probe injection (Fig. 1a) . During intravenous administration and up to 1 min post-injection, a very low fluorescent signal was detected in the hepatic vasculature (Fig. 1b) . Between 2 and 5 min, the biliary signal increased, allowing delineation of the extrahepatic biliary anatomy (Fig. 1c) . The fluorescent signal peaked at 25 min post-injection (TBR 6.40 ± 0.83) and remained elevated for 60 min (Fig. 2) .
In the chronic biliary obstruction model, inflammation, fibrosis, and fat tissue made it difficult to localize the site of the obstruction with white light (Fig. 3a) . In contradistinction, the NIRF agent readily identified the stenotic area and proximal dilation (Fig. 3b, c) . The TBR in the region proximal to the obstruction was significantly higher than in In the acute obstruction model, the ligature of the bile duct and proximal dilation (Fig. 4a) was easily identified in NIR imaging (Fig. 4b) . High fluorescent signal intensity was noted in the common bile duct proximal to the obstruction site and no signal was obtained distal to the ligation. Once the biliary duct ligature was released and bile flow resumed, minimal difference was observed in brightfield view (Fig. 4c) , although the fluorescent probe easily delineated the bile duct anatomy distal to the ligature (Fig. 4d) . Quantification of NIR signal showed a significantly increased TBR proximal to the obstruction (7.33 ± 0.78) and distal to the obstruction site (6.73 ± 1.26) once bile flow was allowed to resume, when compared to the unenhanced bile duct (0.36 ± 0.07): P = 0.0036 and P = 0.0004, respectively.
To reproduce a model of biliary trauma with bile leakage, fluorescent images of the bile duct were obtained prior to the bile duct injury but 5 min after probe injection (Fig. 5a ). After intentional bile duct perforation, intra-abdominal free bile could not be easily identified with the naked eye (Fig. 5b) . However, the localization of the perforation site was greatly enhanced using NIR imaging, which also localized bile extravasations into the abdominal cavity (Fig. 5c, d) . Statistical analyses revealed a significantly higher TBR (5.43 ± 0.66) for the extravasated bile when compared to the same anatomical region prior to CBD perforation (0.81 ± 0.08) P = 0.0011.
To model choledocholithiasis, synthetic microbeads (100 lm diameter) were implanted into the CBD (Fig. 6a,  b) . After probe injection, the absolute fluorescent signal intensity was 2.99 greater in the lumen of the duct than in a region of interest placed over the area of the implanted beads. Thus, NIR imaging allowed prompt intraoperative identification of beads (Fig. 6c, d) . The difference in signal intensity provided significant negative contrast when 
Discussion
Near-infrared fluorescent imaging of a biliary excreted NIR probe facilitates intraoperative visualization of the bile ducts in real time and high definition and allows for rapid identification of bile duct anatomy and pathology. Clinically, identification of free bile in the abdominal cavity confirms bile duct transection or perforation. However, during conventional laparoscopic cholecystectomy it is difficult to distinguish a small amount of extraluminal bile from a mixture of blood and transudations in the surgical field [25, 26] . Moreover, unintentional small bile duct ligature may occur and is usually not detected immediately. These two situations are responsible for the majority of intraoperative bile duct injuries [27] .
X-ray cholangiography is a standard clinical imaging technique used during cholecystectomy surgeries, the benefits of which have been well researched and demonstrated [28] . Its routine intralaparoscopic use is still debated by some and the decision to perform IOCG depends on each surgeon's experience and local facilities [29] [30] [31] . Most commonly, intralaparoscopic cholangiography is used when bile duct injuries are suspected. In the clinical setting, a video laparoscopic imaging system could potentially provide multiple channels integrating white light and fluorescent light sources and several such systems have already been described [32] [33] [34] . Images could be fused in real time and thus provide the surgeon with additional information regarding anatomy and bile leaks. Theoretically, fluorescent IOCG could be done easily by injecting the fluorescent agent and switching the camera from color to infrared lighting. However, intraoperative fluorescent imaging using shorter wavelength light [17, 18] has shown lower achievable TBRs due to absorbance of endogenous fluorochromes such as hemoglobin, melanin, and water.
Imaging hepatic excretion of indocyanine green (ICG) could be used as an alternative method to increase fluorescence [19] [20] [21] . However, because ICG highlights both vasculature and biliary anatomy, it could result in difficulties distinguishing structures intralaparoscopically. Moreover, IOCG is also dependent on cardiac and hepatic function. Thus, the use of the presented lipophilic indocyanine-based NIR fluorescent agent designed for hepatobiliary excretion imaging without fluorescence during the vascular time allows for clear differentiation of vessels from bile ducts.
The fluorescent agent used in the experiments reported here has absorption/emission peaks at 672/692 nm, but more important, it has ideal pharmacokinetic properties, which enhance extrahepatic bile duct imaging with little background from the porta hepatis. A problem common with fluorescent imaging, is the low penetration depth of light through tissue matter. However, considering that the thickness of a normal human bile duct wall is 0.6 ± 0.3 mm and the wall thickness in a biliary obstruction situation is 0.8 ± 0.5 mm [26] , the low penetration depth would be unlikely to pose a problem, and our strategy would therefore be suitable for laparoscopic cholecystectomy [35] . The penetration of NIR light is dependent on tissue absorption, scatterings, autofluorescence, and wavelengths/illumination [36] . The higher the wavelength, the better the signal-to-noise ratio. In a reflectance mode such as the one used here, maximum penetration depths are usually * 5-8 mm, before scattering degrades image quality [37] . In tomographic mode, however, penetration depths increase considerably, to several centimeters [38] . It is thus not inconceivable to devise hand-held tomographic scanner units similar to intraoperative ultrasound probes [39] .
In high definition and real time, we observed the NIR probe moving from the hepatic parenchyma toward the biliary ducts as early as 3 min after intravenous administration. From 5 to 60 min postinjection, a bright fluorescent signal was visible inside the biliary ducts, with low hepatic background signal. Intraoperative imaging facilitated identification of the dilation/stricture area in a bile duct stenosis model. Similarly, perforation of the common bile duct was easily located at the site where the bile and the probe leaked into the abdominal cavity. Synthetic beads were used to model bile stones and were readily identified within the lumen of the common bile duct, suggesting easy intraoperative identification and localization of choledocholithiasis.
Because the probe reaches the biliary system within minutes, a patient could be injected with the agent after anesthesia induction or during placement of the laparoscopic instruments. This would allow the probe to reach far within the extrahepatic biliary system at the beginning of the operative exploration. Thus NIRFC could be used as a routine procedure, as has been suggested for intraoperative X-ray cholangiography, and it could also be possibly used in patients falling into high-risk categories for development of complications or in those undergoing a second operation to repair suspected iatrogenic injuries. Alternatively, because the signal is bright at 5 min postinjection, the probe could be injected intraoperatively at any point or reinjected multiple times to assess for suspected biliary injury. In addition, postoperative patients necessitating drain placement could be injected with the fluorescent agent and have drain contents examined at the bedside with a portable NIR source.
Conclusions
We have used a biliary-excreted near-infrared fluorescent probe for rapid and sustained visualization of biliary anatomy with a desirable target-to-background ratio. In several mouse models of biliary injury, we have investigated how intraoperative NIRFC imaging could prevent complications and rapidly identify biliary injury. Although this was an observational study using mouse subjects, we believe that, given the inherent properties of NIRF imaging, such an agent may be feasible and desirable to use in humans. Further studies would be necessary to elucidate the potential use of NIRFC in humans within a practical clinical setting, i.e., to determine how room lighting would be optimized, how and when the agent would be administered, and whether the penetrance of fluorescence is effective. Near-infrared fluorescent cholangiographic imaging technology could be developed for and integrated into existing videolaparoscopic systems and could be clinically helpful to prevent or diagnose intraoperative bile duct injury.
